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Introduction
"V e g e tatio n p h e n o lo g y" refers to th e p e rio d ic b io lo g ica l life cycle events o f plants, such as leaf flu s h in g and senescence, and c o rre sp o n d in g te m p o ra l changes in ve g e ta tio n ca n o p y co ve r [Stdckli e t al., 2011] . This c o n c e p t is lin ke d tig h tly w ith p la n t esta blish m e n t, g ro w th , a n d re p ro d u c tio n [Morisette e t al., 2009; Scheiter a n d Higgins, 2009 ] a n d also c o n n e c ts to th e b io s p h e re -a tm o s p h e re flu xe s o f e n e rg y , w a te r, a n d ca rb o n [Bonan, 2008] .
Thus, v e g e ta tio n p h e n o lo g y has c ritic a l sig n ific a n c e to e co syste m fu n c tio n in g a n d a sso cia ted services. b ehaviors o f m a n y in d iv id u a l p la n ts in a landscape; th u s, it also c o n tains landscape a n d stru ctu ra l in fo rm a tio n (e.g., fra c tio n o f tre e /g ra s s /b a re soil).
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We d e fin e va riou s phases o f LSP fro m tim e series o f re m o te ly sensed ve g e ta tio n indices (e.g.. Figure la ), w h ich are used as proxies o f regional ve g e ta tio n g ro w th , senescence, and d o rm a n cy a t th e satellite pixel scale [Zhang e ta i., 2 0 0 3 ] , Previous LSP studies o ve r Africa have p rim a rily in vo lve d analyzing o p tica l a nd near-infrared (NIR)-based spectral v e g e ta tio n greenness indices, in clu d in g th e NDVI (no rm alize d d iffe re n ce v e g e ta tio n index) a nd EVI (enhanced ve g e ta tio n index); these studies in clu d e analyzing spatial g ra d ie n ts in p h e no lo g ica l dates [Zhang e t al., 2005; Cam berlin e t al., 2007] , p h e n o lo g ica l tra je c to ry d ifferences in d iffe re n t biom es a n d clim a te [M a rtin y e t al., 2006; Guan e t al., 2013] , te m p o ra l tren d s in p h e no lo g ica l dates [Tateishi a n d Ebata, 2004; U nderm an e t al., 2005; N eum ann e t al., 2007; Vrieling e t al., 2013] , a nd a ttrib u tio n s o f p h e n o lo g y b e h avior to rainfall [Philippon e ta i., 2005] , te m p e ra tu re a n d h u m id ity [Brown e t al., 2012] , a n d large clim a te oscillations [Brown e ta i., 2010] . Studies e x p lic itly assessing in te ra n n u a l v a ria b ility b e tw e en th e rainy season and regional ve g e ta tio n p h e n o lo g y are lacking, a nd ve ry fe w studies have addressed th e te m p o ra l advances o r lags am o n g d iffe re n t phases o f th e rainy season a n d g ro w in g season. Filling these gaps has becom e possible o n ly rece n tly as synergistic satellite data records fo r p re c ip ita tio n a nd v e g e ta tio n have a ccu m u la te d o ve r m ore th a n a decade, a tta in in g a m in im u m le n g th fo r statistical analysis o f inte ra n n u a l relationships.
O u r pre vio u s stu d y [Guan e t al., 2013] d e m o n s tra te d th a t A frica n savannas and w o o d la n d s , u n lik e tro p ic a l eve rg re e n forests, have clear phase co rre sp o n d e n ce b e tw e e n th e rainy season a n d v e g e ta tio n g ro w in g season; i.e., th e y are la rg e ly o v e rla p p in g in tim e . Flow ever, th is te m p o ra l c o rre s p o n d e n c e is m o s tly d riv e n by th e s tro n g im p a c ts o f d ry season, d u rin g w h ic h lack o f m o is tu re sh u ts d o w n m o st p la n t p h y s io lo g ic a l an d m e ta b o lic a c tiv itie s in d ry la n d a n d s e m id ry la n d ecosystem s. In a d d itio n , th is firs t-o rd e r seasonal c o rre s p o n d e n c e c o u ld n o t e x p la in w h a t sp e cific e n v iro n m e n ta l fa cto rs tr ig g e r c a n o p y le a f flu s h in g a n d
senescence a n d w h a t fa c to rs c o n tro l in te ra n n u a l v a ria b ility in th e se p h e n o lo g ic a l p ro p e rtie s . For e xa m p le , senescence in m a n y w o o d y species a fte r th e e n d o f th e ra in y season [Bie e t al., 1998; Seghieri e t al., 1995] .
These u n re so lve d p h e n o lo g ic a l b e h a vio rs call fo r a m o re d e ta ile d s tu d y o n th e re la tio n s h ip s b e tw e e n th e rainy season a n d re g io n a l la n d surface p h e n o lo g y , In c lu d in g c a n o p y g ro w th o n s e t a n d senescence.
T ro p ica l savannas are m o s tly w a te r lim ite d a nd are ch a ra cte rize d b y th e co e xiste nce o f grasses a n d trees
[Schoies a n d Archer, 1997] , w h ic h m ay have d iffe re n t life cycle strategies a n d p h e n o lo g ic a l responses. Grasses (m o s tly C4 In A frica) u su a lly fo llo w th e "p u ls e -re s e rv e " p a ra d ig m [Noy-M eir, 1973 ] a n d o p p o rtu n is tic a lly use w a te r resources w h e n e v e r Is a v a ila b le to s u p p o rt th e ir g ro w th ; th e p h e n o lo g ic a l response o f th e se g rasslands Is e x p e c te d to clo se ly tra c k s h a llo w soil m o is tu re d y n a m ic s [Scanlon e t al., 2005] . W h ile w o o d y v e g e ta tio n species m ay in itia te g ro w th u sin g s to re d c a rb o n reserves a c q u ire d d u rin g th e p re v io u s season [Scheiter a n d Higgins, 2009] , th e y m ay also have th e a b ility to access o th e r w a te r resources (e.g., g ro u n d w a te r o r s te m -w a te r reserve) to sustain ve g e ta tio n a c tiv ity c o n trib u te to th e tree-grass coexistence p a ttern In tro p ica l savannas. Thus, analyzing th e h e terogeneous p h e no lo g ica l responses In c o n ju n c tio n w ith h yd ro lo g ica l processes across large regional g ra d ie n ts In clim a te a nd b lo m e d is trib u tio n Is critical fo r d e v e lo p in g b e tte r v e g e ta tio n p h e n o lo g y m echanism In ve g e ta tio n d y n a m ic m odels fo r w a te r-lim ite d ecosystem s.
As th e rainy season pro vid e s th e te m p o ra l n ich e fo r fa vo ra b le v e g e ta tio n g ro w th c o n d itio n s In A frican d ry la n d a nd se m id ryla n d ecosystem s. It Is also Im p o rta n t to u n d e rsta n d h o w th e le n g th o f rainy season Im pa cts ecosystem p ro d u c tiv ity o r structu re . H ig h ly seasonal rainfa ll can reduce th e rate o f c a n o p y closure [Schlmper, 1903; Sarm lento, 1984 ] a n d fa c ilita te grass exp a nsion [Lloyd e ta i., 2008 ] a n d can Increase fire fre q u e n c y [A rchibald e t al., 2009; Lehm ann e t al., 2011; Staver e t al., 2011 ] . In pa rticu la r, fro m th e h y d ro lo g ic a l p e rsp e ctive , th e same a m o u n t o f rainfa ll o c c u rrin g o v e r d iffe re n t tim e spans can have va ria b le Im pa cts o n th e p a rtitio n in g o f th e te rre stria l w a te r b u d g e t (e.g., tra n s p ira tio n , e v a p o ra tio n , a n d ru n o ff) a n d In flu en ce v e g e ta tio n g ro w th , a n d rainy season le n g th m ay e xp la in reg io n a l p a tte rn s In v e g e ta tio n p h e n o lo g y a n d tree
cover. An Im p o rta n t q u e s tio n Is w h e th e r tre e fra c tio n a l co ve r Increases m o n o to n lc a lly w ith lo n g e r rainy season. Recent m o d e lin g studies [Feng e ta i., 2012; Rohr e ta i., 2013] have fo u n d th a t rainy season le n g th has a n o n lin e a r Im p a c t o n v e g e ta tio n p ro d u c tiv ity fro m a h yd ro lo g ic a l p e rsp e ctive . This p a p e r w ill p re se n t a possible e m p iric a l e vid e n ce fo r th is th e o ry.
This p a p e r e m p iric a lly studies re la tio n sh ip s b e tw e e n rainy season a n d LSP seasonal phases a n d In te ra n n u al v a ria b ility across A frica n savanna and w o o d la n d ecosystem s. We e xa m in e spatial a n d te m p o ra l relations b e tw e e n rainy season le n g th a n d v e g e ta tio n o n se t a n d senescence p e rio d s, a n d associated Im pa cts on v e g e ta tio n stru c tu re (I.e., tre e fra c tio n ), by e m p lo y in g m u ltip le syn e rg istic s a te llite -d e riv e d v e g e ta tio n and hydrological data records, and hydrological m odel sim ulations fo r th e period fro m 2000 to 2010. This investigation Is m otiva te d by th e fo llo w in g questions: (1) H ow does th e tim in g o f th e rainy season (I.e., onset/offset) Influence land surface p h e n o lo g y o f w o o d la n ds and o pen savannas In Africa, Including LSP seasonal a nd Interannual va riab ility? (2) H o w d o variatio n s In rainy season le n g th In flu en ce tree co ve r a nd associated ecosystem structure across th e reg io n ? T he p a p e r firs t In tro d u c e s th e d a ta sets a n d L S P -extractlon m e th o d s used fo r th e analysis (se ctio n 2 ) a n d th e n pre se n ts p ix e l-le v e l tim e series o f re m o te ly sensed v e g e ta tio n status a n d h y d ro lo g ic a l va ria b le s fo r se le cte d re p re s e n ta tiv e pixels o v e r th e s tu d y area (se ctio n 3.1). W e th e n focus o n a n a ly z in g c o n tin e n ta l-s c a le re la tio n s h ip s b e tw e e n th e s ta rt (en d ) o f th e rainy season a n d s ta rt (end) o f th e g ro w in g season In se ctio n s 3.2 a n d 3.3, re sp e ctive ly. S ection 3.4 p resents an e m p iric a l p a tte rn re la te d
to th e n o n lin e a r Im p a cts o f ra in y season le n g th o n fra c tio n a l tre e co ve r, fo llo w e d by g e n e ra l discussions a n d c o n clu sio n s on th e sig n ific a n c e o f th e se results.
Materials and Methods
This stu d y focuses on u n d e rs ta n d in g th e re la tio n s h ip b e tw e e n land surface p h e n o lo g y a n d th e rainy season "w o o d la n d s " In th is study) a n d tro p ic a l o p e n savanna (also re fe rrin g as "savannas" hereafter, see Figure 1b ), w ith som e cro p la n d areas m a in ly clu ste re d in th e Sahel reg io n . The m a jo r d iffe re n ce s b e tw e e n "tro p ic a l d e cid u o u s w o o d la n d s " a n d "tro p ic a l o p e n savannas" are w h e th e r th e re is a closure o f tre e c a n o p y in th e landscape [Lehm ann e ta i., 2011]. in th is stu d y, w e g ro u p A frica n c ro p la n d areas in to th e tro p ic a l o p e n savannas. P h ysio lo g ica lly, m o st A frica crops are C4 plants, m ost A frica n cro p la n d s are fra g m e n te d a nd m ixe d w ith n a tu ra l savannas, a n d th e re is v e ry little irrig a te d a g ric u ltu re in th e re g io n , so w e can assum e th a t cro p la n d s a n d grasslands w o u ld have sim ila r p h e n o lo g y patterns. O th e r A frica n v e g e ta te d regions (n o rth o f 20°N o r so u th o f 30°S) are e x clu d e d in th is s tu d y because these areas re fle ct M e d ite rra n e a n c lim a te c o n d itio n s , w ith re la tive ly d ry sum m ers a n d rainy w in te rs, a n d b o th te m p e ra tu re a nd w a te r s u p p ly can in flu e n ce v e g e ta tio n p h e n o lo g y [P e e le ta i., 2007] . W e d is tin g u is h e d b e tw e e n regions w ith sin g le o r m u ltip le g ro w in g seasons using F ourier p o w e r spectra, fo llo w in g Guan e t al. [2014] .
Data Set

NDVI
W e used th e d a ily NDVI c a lc u la te d fro m red (6 2 0 -6 7 0 nm ) a n d n e a r-in fra re d (8 4 1 -8 7 6 n m ) s p e ctra l re fle cta n ce ba n ds o f th e M o d e ra te R e so lu tio n im a g in g S p e c tro ra set, a fittin g p re p ro ce ssin g to re co ve r th e e n v e lo p e o f th e tim e series [Chen e t al., 2006] was used b e fo re im p le m e n tin g th e p h e n o lo g ic a l e x tra c tio n a lg o rith m .
Microwave Vegetation Optical Depth
We used a sa te llite passive m icro w a ve re m o te sensing-based v e g e ta tio n o p tic a l d e p th (VOD) p ro d u c t [Jones e t al., 2010 [Jones e t al., , 2011 fro m th e A d v a n c e d M ic ro w a v e S ca n n in g R a d io m e te r fo r EOS (AMSR-E) to assess p h e n o lo g ic a l ch a n ge s in v e g e ta tio n c a n o p y b iom ass s tru c tu re [G uan e t al., 2012] . The VO D p a ra m e te r is a fre q u e n c y -d e p e n d e n t m easure o f c a n o p y a tte n u a tio n o f m ic ro w a v e e m issio ns, w h ic h rep re se n ts ch a n ge s in v e g e ta tio n bio m a ss a n d w a te r c o n te n t [U la b y e ta l., 1982; Jones e ta i., 2013a, 2 0 1 3b]. The VO D re c o rd has been used as an a d d itio n a l c a n o p y p h e n o lo g y m easure th a t is s e n sitive to b o th p h o to s y n th e tic a nd n o n p h o to s y n th e tic (e.g., w o o d y ) b io m a ss [Jones e t al., 2011; G uan e t al., 2 012] , w h e re a s th e MODIS NDVI reco rd p rim a rily d e te c ts ch a n ge s in c a n o p y -to p p h o to s y n th e tic v ig o r o r p o te n tia ls . W e used th e n e a r-d a ily 10.7GFIZ fre q u e n c y VO D re trie va ls a t th e c o n s ta n t in c id e n c e a n g le o f 55° fro m n a d ir fro m an e x is tin g AMSR-E g lo b a l la n d p a ra m e te r d a tab a se fo r e co syste m stu d ie s The o rig in a l 0.25° sp a tia l re s o lu tio n was in te rp o la te d to 0.1° fo r th e analysis. 
Tree Fractional Cover Data
2010]
). This p ro d u c t rep re se n ts an in te g ra tio n o f o p tica l-N IR a n d a c tiv e m ic ro w a v e re m o te se n sin g based on th e m ean v e g e ta tio n sta te a n d in te ra n n u a l v e g e ta tio n s e n s itiv ity to p re c ip ita tio n . This g e n e ra te s im ila r re la tio n s h ip s b e tw e e n tre e c o v e r a n d rainy season le n g th (se ctio n 3.4); th u s , th e re le v a n t fin d in g is in d e p e n d e n t o f th e tre e fra c tio n a l c o v e r d a ta th a t are used.
TMPA Precipitation Data
We used g rid d e d p re c ip ita tio n da ta fro m th e ve rsion 3B42V6 T ro p ica l Rainfall M e a su re m e n t M ission (TRMM)
M u ltis a te llite P re cip ita tio n Analysis ( 1993] o r a ctive b a cksca tte rin g fro m sca tte ro m e te rs [W agner e t al., 1999] . H ow ever, these soil m oistu re retrievals are o n ly sensitive to w a te r c o n te n t sh a llo w e r th a n a p p ro x im a te ly 3 cm in th e to p layer o f th e soil c o lu m n , w h ile th e soil m o istu re signal is d e g ra d e d u n d e r h ig h e r v e g e ta tio n biom ass levels [N joku a n d EntekhabI, 1996] ; th is lim its c a p a b ilitie s fo r stu d y in g soil h y d ro lo g y a nd v e g e ta tio n d yn a m ics g iv e n th a t m ost v e g e ta tio n (especially trees) in A frica can be sensitive to m uch d e e p e r soil m o istu re levels [Do e t al., 2005 [Do e t al., , 2008 ; Seghieri e t al., 2 012a, 2 0 1 2b]. Here w e used s im u la te d soil m o istu re fro m a m acroscale h y d ro lo g ic a l m o d e l, va ria b le in filtra tio n c a p a city (VIC) [Liang e t al., 1994] . T he VIC m o d e l sim u la te s su b d a ily te rre s tria l w a te r a n d e n e rg y balances a n d represents su b g rid v a ria b ility in soil w a te r sto ra g e ca p a city as a spatial fu rth e r re fin e d th e coarse soil te x tu re a n d h y d ro lo g y -re la te d p ro p e rtie s a t local scales. The soil m o is tu re o u tp u t was in te rp o la te d to 0.1° re so lu tio n a n d d a ily tim e ste p fo r th e analysis. It is w o rth n o tin g th a t th e VIC m o d e l-s im u la te d soil m o istu re is o n ly used here fo r d ia g n o s tic analysis ra th e r th a n p ro g n o s tic purposes.
Gravity Recovery and Climate Experiment Terrestrial Water Storage
The te rre stria l w a te r storage va ria tio n s ca p tu re d by th e G ra vity Recovery and C lim a te E xp e rim e n t (GRACE) sa te llite w e re used to stu d y th e p o te n tia l in te ra c tio n s b e tw e e n subsurface w a te r storage changes a n d land surface p h e n o lo g y . The GRACE sa te llite m easures th e to ta l ch a n g e in th e te rre stria l w a te r storage (in c lu d in g surface a n d g ro u n d w a te r e le m e n ts , a n d w a te r s to re d in v e g e ta tio n ) th ro u g h a sso cia ted ch a n g e s in th e
Earth's g ra v ity fie ld [R odell a n d F am lg lle ttI, 2002; Tapley e t al., 2004] . T he te rre s tria l w a te r sto ra g e fro m th e GRACE is fo u n d to be h ig h ly c o rre la te d w ith th e ch a n g e s in soil m o is tu re a n d g ro u n d w a te r in v a rio u s e co system s [Strassberg e t al., 2009; Pokhrel e t al., 2013] . V e g e ta tio n b iom ass signals are 1 to 2 o rd e rs o f m a g n itu d e sm a lle r th a n a tm o s p h e ric a n d o th e r te rre s tria l in flu e n c e s a n d have little c o n trib u tio n to o ve ra ll ch a n ge s in th e GRACE g ra v ity fie ld [R odell e t a I., 2005] . Thus, th e GRACE te rre s tria l w a te r sto ra g e retrie va l can be safely in te rp re te d as an in d e p e n d e n t m easure o f su b su rfa ce w a te r sto ra g e ch a n ge s. W e used th e GRACE m o n th ly la n d w a te r mass g rid s (TELLUS_LAND_NC_RL05) g lo b a l d a ta re co rd fro m Jet P ro p u lsio n L a b o ra to ry [Swenson a n d Wahr, 2 006], w h ic h has a m o n th ly tim e ste p a n d 1° sp a tia l re s o lu tio n , a n d has been processed u sin g a 200 km radius Gaussian filte r. The re s u ltin g GRACE d a ta re co rd fro m 2002 to 2011 is used in th e c u rre n t stu d y.
Extraction of Vegetation Phenological Information
We used a n e w ly d e riv e d a lg o rith m [Guan e ta i., 2014] to e x tra c t LSP in fo rm a tio n fro m th e d a ily MODIS (MO D09CM G ) NDVI record. This n e w a lg o rith m fits a d o u b le -lo g is tic cu rve to a d a ily in p u t tim e series, w h ic h is s im ila r to th e MODIS p h e n o lo g ic a l a lg o rith m [Z h a n g e t al., 2003], b u t w ith a m ore rig o ro u s m a th e m a tic a l d e riv a tio n a n d b e tte r b o u n d a ry co n stra in ts. The a lg o rith m p ro vid e s all th e necessary in fo rm a tio n to re co n stru ct th e w h o le tra je c to ry o f a d a ily tim e series a n d th u s can p ro v id e m ore u se r-d e fin e d p h e n o lo g ic a l tim in g crite ria . In th is s tu d y, w e e x tra c te d th e 10%, 20% , 50% , a n d 90% th re s h o ld s o f th e seasonal ran g e fo r b o th g re e n -u p a n d senescence p e rio d s (Figure 1 a) . W e d e fin e th e p e rio d w h e n NDVI is a b o v e 90% o f its range as th e " m a tu rity p e rio d ," a n d n% UP refers to th e tim e w h e n NDVI reaches n% o f th e seasonal range fo r th e "g re e n -u p p e rio d ," w h ic h in clu d e s th e w h o le p e rio d o f th e in cre a sin g phase in NDVI tra je c to ry ; m % OFF refers to th e tim e w h e n NDVI d ro p s to m % o f th e range fro m th e peak va lu e in th e "senescence p e rio d ,"
w h ic h refers to th e e n tire d e s c e n d in g p e rio d o f th e NDVI tra je c to ry . U sing m u ltip le p h e n o lo g ic a l th re s h o ld s p ro vid e s a m o re c o m p le te d e p ic tio n o f la n d surface p h e n o lo g y a n d also p ro v id e s a w a y to q u a n tify
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u n c e rta in tie s in in te rp re tin g p h e n o lo g ic a l In fo rm a tio n e x tra c te d fro m c o a rs e V m e d iu m -re s o lu tio n re m o te sensing, g iv e n th a t th e re Is still a lack o f u n d e rs ta n d in g re g a rd in g re la tio n s h ip s b e tw e e n s a te llite -d e riv e d LSP o b s e rv a tio n s a n d fin e r-sca le g ro u n d tr u th in fo rm a tio n 
Extraction of Rainy Season Timing Information
There is no consensus on th e d e fin itio n o f th e rainy season a n d Its o n se t a nd e n d tim e [M arengo e ta i., 2001;
W ang a n d LlnHo, 2002] . Here w e d e fin e rainy season starts a t th e tim e th a t th e c u m u la tiv e rainfall reaches a ce rta in c lim a to lo g ic a l p e rce n tile o f m ean a n n ua l p re c ip ita tio n (so-called "P e rcen ta g e a p p ro a ch ") in a "h y d ro lo g ic a l ye a r" using g th e re a fte r fo r each year. W e th e n a p p lie d th e d e fin itio n s fo r o n s e t a n d e n d o f ra in y season to each h y d ro lo g ic a l ye a r o n a p e r pixe l basis. The ra in y season o n s e t d a te is d e fin e d w h e n th e c u m u la tiv e ra in fa ll o f th e se le cte d ye a r reaches a c lim a to lo g ic a l th re s h o ld o f 5% (or 10%) o f th e m ean to ta l a n n u a l ra in fa ll; th e rainy season e n d d a te o ccu rs w h e n th e to ta l ra in fa ll fro m th a t d a te to th e e n d o f th e h y d ro lo g ic a l ye a r reaches a c lim a to lo g ic a l th re s h o ld o f 5% (o r 10%) o f a n n u a l ra in fa ll. The use o f th e c lim a to lo g ic a l p e rc e n tile is c o n v e n ie n t to a p p ly to th e e n tire s tu d y area, w h ic h spans a la rge a n n u a l ra in fa ll g ra d ie n t.
It is w o rth n o tin g th a t th e re are o th e r d e fin itio n s o f rainy season. For exam ple, th e AGRHYMET [1996] (also in AGRHYMET a p p ro a c h a n d th e P e rce n ta g e a p p ro a c h (Figure SI in th e s u p p o rtin g in fo rm a tio n ) a n d fo u n d th a t b o th y ie ld s im ila r sp atial p a tte rn s o v e r A frica a n d th e a b s o lu te d iffe re n c e s are v e ry sm all th a t th e y d o n o t ch a n g e th e re s u ltin g p a tte rn s a n d th e c o n c lu s io n .
Results
Seasonal Patterns of Hydrologlcal and Phenologlcal Variables at Pixel Scale
The 4 y e a r tim e series (20 0 3 -2 0 0 6 ) o f h y d ro lo g ic a l va riab le s (TRMM p re c ip ita tio n , VIC tw o -la y e r soil m oistu re , GRACE w a te r storage changes) a n d v e g e ta tio n status fro m th e sa te llite NDVI a n d VO D series fro m e ig h t re p re se n ta tive pixels across th e stu d y d o m a in are p re se n te d in Figure 2 , w h ile th e lo ca tio n s o f th e pixels are sh o w n in Figure 3c , w ith VO D e x h ib itin g re la tiv e ly s lo w e r increase a t th e b e g in n in g o f th e g ro w in g season a n d d e la y e d p e a k tim e . This p a tte rn is c o n s is te n t w ith th e physical basis o f th e se o b s e rv a tio n s a n d w ith p re vio u s studies: NDVI is re la te d to c a n o p y p h o to s y n th e tic a c tiv ity [Sellers e t al., 1992 ; G uan e t al., 2 012], w h ic h g e n e ra lly re sp o n d s q u ic k ly to e n v iro n m e n ta l ch a n ge s as d e m o n s tra te d b y a re la tiv e ly ra p id NDVI increase a t th e b e g in n in g o f th e g ro w in g season. For th e p la n ts w ith lo w biom ass (le a f area in d e x (LAI) < 3.5), NDVI is h ig h ly c o rre la te d w ith LAI o r v e g e ta tio n a b o v e g ro u n d biom ass. In c o n tra s t, th e VO D is se n sitive to c a n o p y -v o lu m e b io m a ss a n d w a te r c o n te n t, in c lu d in g p h o to s y n th e tic a n d n o n p h o to s y n th e tic (e.g., w o o d y ) c a n o p y biom ass c o m p o n e n ts , a nd e x h ib its a s lo w e r c h a ra c te ris tic seasonal response th a n th e NDVI [Jones e t al., 2012] . T he late p e a k o f VO D in d ica te s th a t re g io n a l p la n t biom ass g e n e ra lly reaches its seasonal p e a k a t th e e n d o f th e rainy season. Thus, in g ra ssla n d , VOD, a n d NDVI are c lo se ly tra c k in g to each o th e r because th e b iom ass a n d p h o to syn th e sis rates co d e ve lo p a nd have a lm ost linear co rre la tio n u n d e r its lo w biom ass v o lu m e ; how ever, a sig n ific a n t role In e x p la in in g te m p o ra l offsets b e tw e e n th e v e g e ta tio n g ro w in g season a nd rainy season
In d iffe re n t biom es.
For th e h yd ro lo g ic a l variables, seasonal phase d iffe re n ce s are e v id e n t b e tw e e n p re c ip ita tio n , firs t-and se co n d-la ye r soil m o istu re , a n d subsurface w a te r storage a n o m a lie s (Figure 2 ). The firs t-la y e r soil m o istu re GUAN ETAL. The pixel scatter density plots between the two onset times for the northern Africa and southern Africa, whose regions have been delineated in Figure 3c ; the blue line is the linear regression between the onsets o f rainy season and growing season, and the red dashed line refers to the 1:1 line.
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sh a rp ly increases fo llo w in g th e rainy season o n se t (in d ic a te d by th e d a sh ed b la ck line) a n d also q u ic k ly decays a fte r th e e n d o f th e rainy season. The d e e p e r se co n d-la ye r soil m o istu re seasonality lags b e h in d th e sh a llo w e r first-la ye r a n d has a slo w e r d e clin e fo llo w in g th e e n d o f th e rainy season. Seasonal changes in reg io n a l subsurface w a te r storage (in c lu d in g b o th soil m o istu re a n d g ro u n d w a te r) fro m GRACE sh o w th e largest phase lags w ith p re c ip ita tio n , e specially in w o o d la n d areas. Here w e in te rp re t th e p e rio d o f in creasing te rre stria l w a te r sto ra g e (TWS) fro m GRACE as th e "re c h a rg in g phase," w h ic h in d ica te s th a t w a te r storage is re p le n ish e d fro m rainfall in p u ts ; sim ila rly, d e creasing TWS fro m GRACE in d ica te s a "re le a sin g phase" w h e re w a te r sto ra g e is b e in g w ith d ra w n . W e fin d th a t th e releasing phase in m ost GUAN ETAL. 
Start of Rainy Season and Growing Season at the Continental Scale
The re la tio n sh ip s b e tw e e n th e reg io n a l rainy season a n d g ro w in g season o n se t are d e scrib e d b e lo w . The spatial p a tte rn s o f rainy season a n d g ro w in g season o n se t ave ra g e d o v e r th e 2 0 0 0 to 2 0 1 0 record are p re se n te d in Figure 3 . These results are su m m a rize d se p a ra te ly fo r N o rth e rn Flem isphere A frica a n d S outhern 
Figure 3e), w h ic h is c o n s is te n t w ith th e fin d in g o f Z h a n g e t al. [2005] based on 2 ye a r MODIS p h e n o lo g ic a l p ro d u c t. The m a jo r reason fo r th e s o u th e rn -n o rth e rn d iffe re n c e is th a t th e N o rth e rn F lem isphere A frica has o n e d o m in a te w e a th e r system (i.e., in te rtro p ic a i C o n ve rg e n ce Z on e (ITCZ) [G ia n n in i e t ai., 2008]), w h ile th e S ou th e rn F lem isphere A frica has m ore c o m p le x w e a th e r system (in c lu d in g ea st-w e st o rie n te d c o m p o n e n t o f th e A frica n ITCZ o rig in a te d fro m th e n o rth e rn in la n d a nd th e Indian Ocean a n d th e w e s te rly c u rre n t w h ic h o rig in a te s o v e r th e South A tla n tic [M cH ugh a n d Rogers, 2001; Nicholson, 1996; Cook, 2000]), w h ic h m akes spatial p a tte rn o f th e rainfa ll o n s e t/e n d m ore co m p le x.
O ne c o m m o n fe a ture fo r n o rth e rn a nd so u the rn Africa is th a t th e re are a sig n ifica n t n u m b e r o f pixels sh o w in g early NDVI g re e n -u p before rainy season onset, a nd this p a tte rn does n o t ch ange w h e n using d iffe re n t th re sh o ld s fo r d e fin in g th e g ro w in g season (NDVI 10%UP, NDVI 20%UP) a nd rainy season m etrics (TRMM 5% cu m u la tive , TRMM 10% cu m u la tive ; see Figure S2 in th e s u p p o rtin g in fo rm a tio n ). This p a ttern is e v id e n t in th e so u the rn Africa, as tw o d is tin c t re latio n sh ip regim es are a p p a re n t b e tw e e n NDVI g ro w in g season a n d TRMM p re c ip ita tio n on se t (Figure 3e ), w ith one regim e clu ste rin g largely b e lo w th e 1:1 line (blue dashed p o ly g o n in Figure 3e ), w h e re g ro w in g season o n se t g e n e ra lly occurs before th e start o f th e rainy season. indicating th a t ecosystem structure can explain m ost spatial variance in ve g e ta tio n phenology. These results co n firm num erous o th e r studies th a t have fo u n d m any savanna tree species to g reen-up before th e onset o f the rains [Borchert, 1994; Fuller a n d Prince, 1996; Do e t ai., 2005; Higgins et ai., 2011; Seghieri e t ai., 2012a Seghieri e t ai., , 2012b .
T w o m a jo r m echanism s can p o ssib ly e xp la in th is e arly g re e n -u p in w o o d la n d s. O ne is th e access to th e g ro u n d w a te r th ro u g h d e e p ro o t system s fo u n d in m a n y tro p ic a l d e cid u o u s trees [Schenk a n d Jackson, 2002;  Roupsard e t ai., 1999], a n d th e o th e r is th e ste m -w a te r reserve th a t sto re d in tre e tru n k s o r roo ts [Borchert, 1994] 
to s u p p o rt d ry season g re e n -u p . T h o u g h in th is s tu d y w e d o n o t have any fie ld d a ta to s u p p o rt th e
second m ech a n ism , th e GRACE d a ta p ro v id e som e possible e v id e n ce fo r th e firs t m ech a n ism . The GRACE TWS ch anges (Figures 2c a n d 2e) in d ic a te th a t subsurface w a te r is still b e in g w ith d ra w n in th e d ry season w h e n sim u la te d sh a llo w soil m o istu re has been d e p le te d (i.e., th e re w o u ld be ve ry little soil e va p o ra tio n ). The phase d iffe re n ce s b e tw e e n GRACE d a ta a n d sim u la te d sh a llo w soil m o istu re m ay s u p p o rt th a t som e tro p ic a l d e cid u o u s trees can use d e e p e r g ro u n d w a te r resources to sustain d ry season v e g e ta tio n a c tiv ity .
We also stu d y th e in te ra n n u a l v a ria b ility o f on se t dates fo r rainy season and g ro w in g season. We fin d th a t w o o d la n d s g e n era lly have m uch sm aller in te ra n n u a l va ria b ility th a n grasslands fo r b o th on se t dates (Figures 4a,   4b , S3, a nd S4). Since th e m a jo rity o f w o o d la n d s have g re e n -u p b efore th e onsets o f rainy season, w e e xpect th a t o n ly o p e n savannas m ay sh o w som e p o w e r o f using rainy season onsets to p re d ic t g ro w in g season onsets.
It tu rn s o u t th a t o n ly o p e n savannas so u the rn Africa have h ig h co rre la tio n s b e tw e e n th e onsets o f rainy season a nd g ro w in g season (Figures 4 and S6 ), w ith a w e a ke r a nd m ore dispersed co rre la tio n p a ttern in n o rth e rn Africa, m ostly d u e to th e lo w in te ra n n u a l va ria b ility o f rainy season onsets in th e n o rth e rn Africa (Figure 4b ). 
End of Rainy Season and Growing
Season at the Continental Scale W e fu rth e r q u a n tify th e NDVI senescence lag le n g th by ca lcu la tin g th e te m p o ra l d iffe re n c e b e tw e e n NDVI90%OFF and th e e n d o f th e rainy season, as sh o w n in Figure 6 . Figure 6 b in d ica te s th a t w h e n tre e fra c tio n a l co ve r is b e lo w 0.5, th e senescence lag tim e Increases w ith g re a te r tre e fra c tio n a l cover. In co n tra st, w h e n th e tre e fra c tio n is la rge r th a n 0.5, th e senescence lag tim e decreases w ith Increasing tre e fra c tio n a l cover. The p o sitive co rre sp o n d e n ce b e tw e e n senescence lag a n d tre e co ve r w h e n tre e fra c tio n Is b e lo w 0.5 m ay in d ic a te a g re a te r e x te n t o f d e e p -ro o te d trees cap a ble o f e ith e r accessing d e e p e r g ro u n d w a te r resources o r have stemw a te r reserve th a t e n a ble a lo n g e r p e rio d o f p la n t a c tiv ity a fte r th e rainy season ends a n d surface soil m o istu re is d e p le te d . Flowever, th is c o rre la tio n p a tte rn does n o t h o ld w h e n tre e fra c tio n is a b o ve 0.5, w h ic h Is m o s tly c o rre s p o n d e n t to th e tra n s itio n a l regions fro m d e cid u o u s w o o d la n d s to e ve rg re e n forests. In these regions, rainy season le n g th s are s ig n ific a n tly lo n g e r th a n th e n e ig h b o rin g regions (Figure 7a ), b u t g ro w in g season le n g th s rem ain s im ila r to o th e r w o o d la n d s as th e y are reaching sa tu ra tio n (w ith u p p e r b o u n d o f 365 days. Figure 7b) . In o th e r w o rd s, in these regions, ke e p in g le n g th e n in g rainy season d oes n o t fu rth e r
Increase tre e fra c tio n co ve r as th e la tte r reaches sa tu ra tio n . This e xp la in s w h y th e re Is a w e a k d e creasing tre n d in Figure 6 b w h e n tree fra c tio n is a b o ve 0.5.
We also studied th e te m p o ra l correspondence b etw een th e e nd o f rainy season and o th e r g ro w in g season rainy season. Instead, senescence in these areas m ay be co n tro lle d by p h o to p e rio d o r insolation-related e n viro n m e n ta l cues th a t sh o w a lm ost no interannual va riatio n [Yeang, 2007; Borchert e t al., 2005] .
Nonlinear Impacts of Rainy Season Length on Tree Fraction Cover
Previous studies in d ic a te a p o sitive lin e a r re la tio n s h ip b e tw e e n g ro w in g season le n g th a n d tre e fra c tio n a l co ve r o v e r A frica [r = 0.73, p < 0 .0 5 [Guan e ta i., 2014] ). The results o f th e c u rre n t stu d y c o n firm th is g e neral re la tio n s h ip (Figures 7c a n d 7d) . Flowever, th e lin ka g e b e tw e e n rainy season le n g th a nd tree fra c tio n is n o t clear and has n o t been e x p lic itly addressed in pre vio u s studies. We fu rth e r fin d th a t tre e fra c tio n a l c o v e r does n o t s im p ly co rre la te w ith m ean a n n ua l p re c ip ita tio n o r rainy season le n g th w ith in th e A frica n d o m a in (e.g.. Figure 7) . Instead, w e fin d a n o n lin e a r response o f tre e fra c tio n a l co ve r to m ean an n ua l p re c ip ita tio n and rainy season le n g th (Figure 8 [2013] th a t are m o s tly based on th e p la n t w a te r use. Flere w e d e fin e rainy season le n g th as th e p e rio d e n co m p a ssin g 90% o f th e to ta l a n n ua l rainfall c lim a to lo g y . For rainfa ll regim es b e lo w 600 m m /y r a n d a bove 1800 m m /y r, tre e fra c tio n a l co ve r is d ire c tly p ro p o rtio n a l to m ean an n ua l p re c ip ita tio n . Flowever, fo r in te rm e d ia te rainfall regim es (i.e., 600 m m /y r to 1800 m m /y r), tre e fra c tio n a l co ve r show s a n o n lin e a r response to rainy season le n g th : fo r a fixe d m ean a n n ua l p re c ip ita tio n , tre e fra c tio n increases w ith rainy season le n g th u n til rea ch in g a m a x im u m p ro p o rtio n a l cover, w h e re th e c o rre s p o n d in g rainy season le n g th is d e n o te d as th e rainy season "o p tim a l le n g th ," tre e co ve r th e n decreases w ith fu rth e r increase o f rainy season (see th e in se t o f Figure 8 a).
The n o n lin e a r im p a cts o f rainy season le n g th on tree fra c tio n a l co ve r m ay o rig in a te fro m va riou s reasons [Schlmper, 1903; Lloyd e t al., 2008; Lehm ann e t al., 2011; Staver e t al., 2011 ] . As Feng e t al.
[2012] a n d Rohr e t al.
[2013] have fo u n d fro m a h yd ro lo g ic a l p e rsp e ctive , g ive n th e same a m o u n t o f to ta l a n n ua l rainfall, th e le n g th o f rainy season (and in ve rse ly th e le n g th o f d ry season) can in flu e n ce w a te r b u d g e t p a rtitio n in g a n d rainfall use e ffic ie n c y (d e fin e d as th e p e rce n ta g e o f rainfa ll e n d e d u p fo r p la n t g ro w th th ro u g h tra n s p ira tio n )
[ Fluxm an e t al., 2004] a nd can im p a c t v e g e ta tio n dyn a m ics. For th e same a m o u n t o f to ta l rainfall, as rainy season increases fro m ve ry sh o rt to lo n g e r period, less ru n o ff w o u ld be e xp e cte d a n d m ore rainfall w o u ld be used as tra n sp ira tio n a nd fa cilita te tree g ro w th , and rainfall use e fficie n cy w o u ld increase w ith th e le n g th e n in g o f th e rainy season. Flowever, w h e n rainy season keeps increasing to be ve ry long, m ore rainfall m ay be e n d ed GUAN ETAL. [Staver e t al., 2011 ] , grazing pressure [ van Schaik e t al., 1993] resp e ctive n e g a tive a n d p o s itiv e tree fra c tio n a l co ve r response to rainy season le n g th e n in g , a nd th e w h ite refers to th e rainy season o p tim a l le n g th w ith a co n ce p tu a l Illu s tra tio n In th e Inset o f Figure 8 a. These results s h o w a g e neral reg io n a l p a tte rn o f Increasing o p tim a l le n g th w ith Increasing m ean a n n ua l p re c ip ita tio n . We also fin d th a t w ith th e s im ila r to ta l rainfa ll a m o u n t (4 0 0 -8 0 0 m m /y r) b u t d iffe re n t rainy season le n g ths, n o rth e rn A frican savannas (12°N -16°N ) a nd s o u th e rn A frica n savannas (south o f 22°S) sh o w d is tin c tiv e responses ( Figure S7 In th e s u p p o rtin g In fo rm a tio n ). From th e h y d ro lo g lc a l p e rsp e ctive , n o rth e rn A frica has a m uch s h o rte r rainy season le n g th a nd m uch m ore Intense rainfall th a n regions In s o u th e rn A frica ( Figure S7 ). Thus, n o rth e rn A frica savannas, c o rre s p o n d e n t to th e re cta n g u la r space In Figure 8 , w o u ld b e n e fit fro m Increasing rainy season le n g th as a m eans fo r d is trib u tin g rainfa ll a nd s u p p o rtin g v e g e ta tio n g ro w th o v e r a lo n g e r p e rio d ; th e Increase In rainy season le n g th w o u ld th u s Im p ro ve th e rainfall use e ffic ie n c y and s u b se q u e n tly Increase tree fra c tio n a l cover. In co n tra st, s o u th e rn A frica n savannas, c o rre s p o n d e n t to th e o th e r Id e n tifie d regions In Figure 8 , have a ch a ra cte ristica lly lo n g e r g ro w in g season le n g th , and fu rth e r Increases In rainy season le n g th w o u ld result In a red u ce d fra c tio n a l tre e cover.
We also fin d th a t m ost African w o o d la n ds sh o w a positive sensitivity o f tree fraction to Increasing rainy season length; I.e., rainy seasons In these areas are generally b e lo w th e ir o p tim a l length, and rainfall Is n o t m axim ized fo r th e g ro w th o f w o o d y species. Thus, Increasing rainy season length. I.e., to spread th e same a m o u n t o f to ta l annual rainfall fo r a lo n g e r period, w o u ld p ro m o te an Increase In tree fractional cover In these areas.
Discussion
Added Value of VOD In Studying Savanna Phenology
VOD represents th e w h o le -c a n o p y w a te r c o n te n t a n d biom ass [Jones e ta i., 2012] d yn a m ics fo r d iffe re n t v e g e ta tio n p ro p e rtie s In th is study. C o u p lin g VO D and NDVI Illu m in a te s d is tin c tiv e p h e n o lo g y responses In grassland a n d w o o d la n d system s th a t m ay e n a ble th e sep a ra tio n o f relative tre e / grass c o n trib u tio n s to th e co a rse -re so lu tlo n re m o te sensing signal [Guan e t al., 2012] 
Dry Season Water Use Mechanisms for Explaining Woodland Phenology
O u r results In d ica te th a t tro p ic a l w o o d la n d s g e n e ra lly g re e n -u p b e fore th e o n se t o f rainy season a n d also keep a ctive In th e e arly d ry season. It does n o t m ean th a t e a rly le a f flush does n o t o ccu r else w h e re (In th e Acacias o f th e s o u th e rn Kruger Park, fo r exa m p le ), b u t It m ay o n ly h a p pe n In a sm alle r fra c tio n o f to ta l tree cover, a n d perhaps th e d u ra tio n o f p re ra in fa ll le a f flush Is less [e.g., A rch ib a ld a n d Schoies, 2007] . The tw o m a jo r possible m echanism s In clu d e (1) access a nd use o f subsurface w a te r sto ra g e d e e p e r th a n 1 m by re la tive ly d e e p ro o te d tro p ic a l d e cid u o u s trees and (2) ste m -w a te r reserve sto re d In tre e trucks and roots.
T h o u g h In th is s tu d y w e c o u ld n o t fu lly a n sw e r w h ic h d o m in a tin g m ech a n ism fu n c tio n a t a sp e cific region d u e to th e lack o f s te m -w a te r m ea su re m e n ts, w e fin d som e large-scale e v id e n ce to p o ssib ly s u p p o rt th e firs t m ech a n ism . In te ra ctive c o m p o n e n t o r ste m -w a te r storage m ech a n ism m ay be essential to c o rre c tly s im u la te v e g e ta tio n d yn a m ics In these ecosystem s. p o ssib le trig g e rs o f c a n o p y p h e n o lo g y In th e se reg io n s, a n d so m e o f th e se fa cto rs (e.g., p h o to p e rio d o r In s o la tio n ) have a lm o s t no In te ra n n u a l v a ria b ility , w h ic h m irro r th e lo w In te ra n n u a l v a ria b ility In tro p ic a l tre e p h e n o lo g y . F u rth e r e x p lo ra tio n o n th is to p ic Is n e e d e d , e sp e cia lly fie ld d a ta re la te d to b o th c a n o p y p h e n o lo g y a n d h y d ro lo g lc a l va ria b le s In tro p ic a l d e c id u o u s forests.
Prediction of Grassland and Woodland Phenology From Rainy Season Timing
Rainy Season Length and Its Ecologlcal Significance
O u r re s u lt p ro v id e s a p o ssib le e m p iric a l e v id e n c e to s u p p o rt th e m o d e lin g s tu d y fo r th e n o n lin e a r response o f ra in y season on v e g e ta tio n p ro d u c tiv ity . It Is w o r th n o tin g th a t th e e m p h a sis o f th is p o ssib le h y d ro lo g yd riv e n n o n lin e a r resp o n se does n o t d e va lu e o th e r fa c to rs fo r savanna d y n a m ic s a n d tre e fra c tio n c o v e r b u t ra th e r h ig h lig h ts so m e o v e rlo o k e d a sp e ct th a t sam e ra in fa ll, b u t a rrive In a d iffe re n t w a y, m ay lead to d ive rse e c o lo g ic a l responses. If w e are c o n v in c e d o f th e Im p o rta n c e o f ra in y season le n g th o n e co system s tru c tu re a n d fu n c tio n , w e need to re co g n ize th a t h o w w e ll c lim a te m o d e ls p re d ic t fu tu re ch a n g e s In rainy season le n g th Is also la rg e ly u n d e rs tu d ie d , a n d th e im p lic a tio n s o f th e se ch a n ge s to fu tu re e co system p ro d u c tiv ity a n d b lo m e d is trib u tio n are also la rg e ly u n k n o w n . Thus, It Is Im p e ra tiv e to In c lu d e rainy season le n g th a n d o th e r ra in y season ch a ra cte ristics In assessing th e fu tu re e c o h y d ro lo g lc a l ch a n ge s, e s p e c ia lly In w a te r-lim ite d ecosystem s.
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.5. Limitations of Coarse-Resolution Remote Sensing in Studying Savanna Phenology
W h ile th e re are m a n y a d va n ta g e s In u sin g re la tiv e ly coarse sp a tia l re s o lu tio n (> 1 0 0 m ) sa te llite re m o te sensing a n d h y d ro lo g ic a l m o d e lin g in s tu d y in g A fric a n savanna p h e n o lo g y , a m a jo r d ra w b a c k o f th e se m e th o d s is th e lack o f re s o lu tio n in d iffe re n tia tin g th e re la tive c o n trib u tio n s o f grasses a n d tree s a t th e pixel level. This lim ita tio n hinders th e in te rp re ta tio n o f savanna p h e n o lo g y [Archibald a n d Schoies, 2007] , e.g., w h e th e r th e e a rly g re e n -u p p h e n o m e n o n is fro m gra sse s/sh rub s o r fro m trees, a n d th e a sso cia ted e n v iro n m e n ta l cues d riv in g th e se ch a n ge s. Thus, re m o te se nsing a t fin e r sp a tia l re s o lu tio n s is n e e d e d fo r re s o lv in g p o te n tia lly c o n tra s tin g g ra ssla n d a n d w o o d y v e g e ta tio n d y n a m ic s in savanna ecosystem s.
Recent p rogress in u n m a n n e d aerial ve h ic le -b a s e d se n sin g system s [e.g., D a n d o ls a n d Ellis, 2013] a n d th e "n e a r-su rfa ce re m o te s e n sin g " (e.g., PhenoC am n e tw o rk [Richardson e t al., 2009] ) m ay p ro v id e possible a venues to resolve s u b g rid -sca le h e te ro g e n e ity in savanna e c o lo g y a n d p h e n o lo g y . A n o th e r p o ssib le a ve n u e is to increase th e co ve ra g e o f g ro u n d o b s e rv a tio n n e tw o rk s to m ore e ffe c tiv e ly lin k re m o te sensing m e a su re m e n ts w ith g ro u n d tru th . R ecently, m u ch p ro g re ss has b een m ad e in d e v e lo p in g re la tiv e ly d ense p h e no lo g ica l o b se rva tio n ne tw o rks in N o rth Am erica (e.g., USA N ational P h e n o lo g y N etw ork) a nd Europe (e.g., European P h e n o lo g y N etw ork). A sim ilar n e tw o rk is c u rre n tly unavailable o ve r Africa b u t co u ld p ro vid e an e ffe ctive m eans fo r LSP v a lid a tio n a nd analysis and im p ro v e d u n d e rsta n d in g o f regional ph e no lo g y.
Conclusion
U n d e rsta n d in g relationships b e tw e en th e h yd ro lo g ica l cycle a nd land surface p h e n o lo g y in A frican savannas a nd w o o d la n d s has fu n d a m e n ta l significance fo r m o d e lin g tro p ica l ve g e ta tio n dynam ics, q u a n tify in g th e ir carbon b u d g e t a n d p re d ictin g th e ir fu tu re response to clim a te changes. This paper uses m u ltip le data sets fro m satellite o b servations a nd h yd ro lo g ica l m od e l sim u la tion s to e m p irica lly e xp lo re te m p o ra l relationships b e tw e en th e h yd ro lo g ica l cycle and regional p h e n o lo g y, and th e n o n lin e a r im p a c t o f rainy season le n g th on ecosystem structure. The key fin d in g s fro m th is stu d y are sum m arized below :
1. W e fin d th a t th e an n ua l g ro w in g season o n se t te m p o ra lly lags a n d can be e ffe c tiv e ly p re d ic te d by th e rainy season o n se t fo r A frica n grasslands. w h ich has a n o n lin e a r co rre la tio n w ith tree fra ctio n cover; in te ra n n u a l va ria b ility in w o o d la n d p h e no lo g ica l phases is re la tive ly sm all c o m p a re d to A frica n grasslands. W e fin d som e e vid e n ce to s u p p o rt th e subsurface w a te r use th ro u g h d e e p ro o t system ( > 1 m d e p th ) to m ainta in d ry season v e g e ta tio n activity.
3. W e e m p irica lly fin d th e rainy season le n g th has strong n o n lin e ar im pacts on tree fractio n a l co ve r in th e a n n u a l ra in fa ll ran g e fro m 6 00 to 1800 m m /y r, a n d th e re exists a ra in y season o p tim a l le n g th fo r m a x im iz in g tre e fra c tio n a l c o v e r a t d iffe re n t ra in fa ll regim es. Acknowledgments K. Guan and E.F. W ood a ck n o w le d g e th e su p p o rts fro m th e NASA NESSF fe llo w ship and W a lb rid g e G rad uate Funds fro m P rin ceto n E n viro n m e n ta l In s titu te o f P rin ceto n U n iversity. K.K. Caylor ackno w le dges th e fin a n cia l supp orts fro m th e N a tional Science F o u ndation th ro u g h th e g ra n t EAR-0847368. J. 
